The extent to which proteins in the gas phase retain their condensed-phase structure is a hotly debated issue. Closely related to this is the degree to which the observed charge state reflects protein conformation. Evidence from electron capture dissociation, hydrogen/deuterium exchange, ion mobility, and molecular dynamics shows clearly that there is often a strong correlation between the degree of folding and charge state, with the most compact conformations observed for the lowest charge states. In this article, we address recent controversies surrounding the relationship between charge states and folding, focussing also on the manipulation of charge in solution and its effect on conformation. 'Supercharging' reagents that have been used to effect change in charge state can promote unfolding in the electrospray droplet. However for several protein complexes, supercharging does not appear to perturb the structure in that unfolding is not detected. Consequently, a higher charge state does not necessarily imply unfolding. Whilst the effect of charge manipulation on conformation remains controversial, there is strong evidence that a folded, compact state of a protein can survive in the gas phase, at least on a millisecond timescale. The exact nature of the side-chain packing and secondary structural elements in these compact states, however, remains elusive and prompts further research.
Introduction
O ver the past two decades, since the introduction of electrospray [1] and the first experiments to demonstrate the preservation of noncovalent binding in the mass spectrometer [2] , one of the most controversial issues has been the extent to which gas-phase protein structures mirror those found in solution. This has come to the fore with several recent publications. The first publication involves an intriguing article in which the authors present evidence for preservation of folded structure following femtosecond laser vaporization with electrospray post-desorption [3] . The authors use the charge state signature of the protein to report on their conformation following laser vaporization, and compare the results of these experiments with 'conventional' electrospray. The second controversy is an on-going debate discussed in several publications, which again relates to the relationship between the charge state and protein conformation. This time, the debate centers on the extent to which charge manipulation, either supercharging or charge reduction, affects the folded structure within a protein or protein complex. In this article, we consider the experimental evidence for the assertion that folding is reflected in the charge state distribution and consider how charge manipulation affects the folded state.
Dealing first with the controversy that folded structure is retained by proteins in the gas phase, a strong counter argument to this statement is proposed by McLafferty and colleagues stating that folded protein in the gas phase is 'an unproven idea' [4] . Citing previous studies, evidence is presented that gas-phase proteins can unfold and reorganize [5, 6] . In a response to this correspondence, Levis and colleagues state that the ambiguity arising between the two viewpoints is due to the precise definition of gas-phase protein ions [7] . Levis and colleagues denote this as protein that has transferred into the gas phase, presumably with water molecules still attached, while for McLafferty and colleagues this state is attributed to that of the protein after complete desolvation. In this article, we consider the experimental evidence from both groups and supplement this with additional data from ion mobility (IM) experiments, gasphase hydrogen/deuterium exchange reactions, studies of noncovalent complexes, and molecular dynamics (MD) simulations.
How Folded is a Gas-Phase Protein -Evidence from ECD Experiments and MD Simulations
First we consider the seminal papers of Breuker and McLafferty, in which native electron capture dissociation (NECD) of protein ions is used to probe folded structure of cytochrome c [8, 9] . Such experiments exploit the fact that protein backbone cleavage occurs exclusively next to residues that are in contact with an electron donor (the heme group). Site-specific thermal unfolding in the gas phase, which results in separation of residues from the heme group, is monitored by the decrease in the corresponding fragments in the NECD spectra. Using this approach to probe the structure of cytochrome c after transfer into the gas phase, the unfolding of regions interacting hydrophobically in the native structure could be shown, despite the fact that these regions were sometimes the last to unfold in solution [10] . The results of these experiments were supported by MD simulations of cytochrome c, surrounded by a monolayer of water and placed in a vacuum [11] . The simulations are consistent with evaporation of water from the native protein, with the last water molecules to leave being those which had been attached to the ionic side chains [5] . Complete loss of water leads to the collapse of exterior ionic groups, which form new interactions with each other, protecting native-like interactions within the protein ion. Storage of ions for millisecond time periods can result in loss of hydrophobic and electrostatic interactions. MD simulations imply that transient unfolding could facilitate formation of new noncovalent interactions within a protein, producing more stable gas-phase structures [5] .
Recently, further experimental evidence from ECD was presented in an investigation of a three-helix bundle protein KIX [12] . These ECD experiments rely on unselective backbone cleavage, with the retention of noncovalent intramolecular interactions, which prevent the separation of backbone cleavage products. In this way, the abundance of ECD fragments provides a measure of the extent of gasphase unfolding. The experimental data showed the most stable regions of the protein to be those forming salt bridges and ionic hydrogen bonds [12] . The wider implications of this study of KIX are that if proteins are stabilized by a favorable network of electrostatic interactions, their native structure is more likely to survive in the gas phase than a protein with less electrostatic interactions.
Can Charge State Signatures be Used as Evidence of Folding?
Having established evidence for unfolding and for the preservation of native structure where electrostatic interactions predominate, we now turn to the recent paper that brought the folded structure in the gas phase controversy to a head. Levis and colleagues have described a femtosecond laser vaporization method in which folded protein structure is thought to be conserved [3] . In these experiments, a protein-containing solution, placed on a steel sample plate, is vaporized by a laser pulse. The vaporized proteins are then subjected to electrospray [13] . The major advance claimed is that proteins vaporized by a femtosecond laser can retain a folded structure during this process. This observation is rationalized since the energy from the laser is deposited much faster than that required to produce unfolding or reorganization of protein structure [3] . The authors use the charge state signature of the protein to conclude that the folded conformation is retained during, and immediately after, laser desorption. The possibility that the proteins are able to refold in the electrospray buffer cannot be discounted. However, if correct, this technique would certainly be important for ionizing proteins and their complexes directly from their native environment, without the need for lengthy separation and isolation protocols.
The interpretation of the data and the ensuing controversy lie not just in the definition of the dehydrated state of the protein, as suggested by the Levis group [7] , but rather in how precisely the charge state distribution represents the folded state of the gas-phase protein. This approach, first suggested by Chait and colleagues, to follow heat-induced unfolding of a number of proteins including ubiquitin, cytochrome c, and lysozyme, showed that higher charge states were correlated with thermal unfolding, effected in a stainless steel capillary immediately prior to electrospray [14] . Early work, also from Chait, demonstrated that the observed charge state signature was linked to the presence of anions in solution [15] and held the cautionary note that attempts to correlate the distribution of charge states observed on proteins in the gas phase with the net charge residing on the protein in solution will require that the anion effect be taken into account. To consider the relationship between charge state and folded protein further, we need to look at other experimental evidence.
Evidence from Gas-Phase Hydrogen/Deuterium Exchange Experiments and Ion Mobility
In addition to the charge state signature and ECD experiments there are alternative means of assessing the folded states of proteins in the gas phase. These include hydrogen/deuterium exchange (HDX) in the gas phase, which reports on protection from exchange and provides a read out of the number of exchangeable sites involved in hydrogen bonding interactions. Pioneering experiments, again by the McLafferty group, showed that labile protons in cytochrome c (6+ to 17+) were exchanged for deuterium, in different patterns consistent with at least six gas-phase conformations [16] . Infrared laser heating and fast collisions were found to induce ions to unfold and exchange to a greater extent, while charge-stripping ions to lower charge values yielded apparent folding. These early experiments support the link between charge state and accessible protons in the gas phase but cannot report directly on the overall packing of the secondary structural elements within the protein.
IM enables measurement of collision cross sections (CCS), which can then be compared with CCS calculated for the native state or partially folded and fully unfolded states. Measurement of drift times as a function of charge state was used to probe the gas-phase structure of cytochrome c ions [6] . Increases in the charge state of the protein ions were found to correlate with an increase in CCS, beyond that calculated for the native state. This is consistent with the unfolding of the more highly charged ions in the gas phase, although this could also result from unfolding in the solution conditions used to generate these high charge states ( Figure 1a) . Moreover, storage of these gas-phase protein ions was also shown to lead to an increase in CCS [17] . Combining HDX with IM-MS to probe the gas-phase structure suggests that the 5+ charge state of cytochrome c ions have near native-like structure, whereas the 9+ charge state contains an extended helix [18] .
Further support for compact structure of low charge states comes from recent IM-MS studies of ubiquitin. Solutions that stabilize the native state of ubiquitin yielded essentially one family of tightly folded desolvated structures with CCS that match the size of the native structure [19] . By contrast, solution conditions favoring the partially folded A state yielded CCS matching in size to conformations between the A state and the fully unfolded state. The A state, which is charged more extensively than the native-like state, decays rapidly (≤50 ms), unfolding to more extended structures. By contrast, the native-like conformation of ubiquitin survives for 9100 ms in a 294 K solvent-free environment [19] . These experiments establish that compact structures for low charge states can survive for extended periods of time in the gas phase.
Interestingly, the results from these recent experiments from the Bowers group, where unfolding of the native state is not observed upon transfer into the gas phase, are at odds with earlier studies [20] where extensive unfolding of~50 % of ubiquitin 7+ ions was observed after~200 ms. This apparent discrepancy prompted further investigation with very recent ECD experiments of ubiquitin [21] . The results of these ECD experiments show that the proportion of elongated structures after desolvation was lower than that found in the earlier study [20] but greater than that observed by Bowers and co-workers [19] . While many of the differences in these studies can be attributed to different experimental setups and solution conditions, the important point of the ECD experiments is to establish that the order of unfolding of the various regions is dictated by the extent to which hydrophobic bonding is compensated for by electrostatic interactions [21] . Together, these ECD and IM experiments establish a relationship between the charge state of the protein and the extent of unfolding in the gas phase, with higher charge states experiencing unfolding to a greater extent, and demonstrate the importance of electrostatic interactions in stabilising gas-phase structures.
Can Charge States be Manipulated Without Affecting Folded Protein Structure?
Turning now to the second controversy: the use of solution additives to manipulate charge. While it is clear that charge can be manipulated, it is not clear how these reagents affect the folded structure of a protein or complex. These experiments take the form of 'supercharging' or 'charge reduction' depending on the solution additives. Considering first the evidence for folded structure under supercharging conditions, addition of m-NBA or sulfolane [22, 23] is used to produce higher charge states than normally accessible by globular proteins and their complexes. An increase in average charge state is reported, from 10+ to 15+, for the 29 kDa carbonic anhydrase-zinc complex. The fact that this supercharging does not result in loss of protein-ligand interactions [22] is evidence that the ligand binding cavity is retained, implying that the structure is native-like.
A series of experiments seemingly at odds with these results have shown that for the protein holo myoglobin, addition of sulfolane leads to unfolding of the protein as assessed by partial loss of heme binding. Additionally, the stability of myoglobin was followed by circular dichroism spectroscopy whilst titrating with a denaturant, in the presence of sulfolane. This revealed that the native state is destabilized with increasing sulfolane concentration [24] . Moreover supercharging was affected by chemically modifying cytochrome c with up to seven cross-links or ubiquitin with up to two cross-links. While these cross-links did not affect the average charge states of these proteins in the absence of m-NBA, the extent of supercharging induced by m-NBA increased with decreasing numbers of cross-links [25] .
In order to lower the charge state, charge reduction is commonly carried out by the use of solution additives, such as triethylamine (TEA) and imidazole, which have higher gas-phase basicities than typical MS buffers. In the final stages of desolvation, these species effectively compete for charge with ionized sites on the protein. Electrolytes with higher gas-phase basicities will, therefore, remove more charge from the protein [26, 27] . A study in which lysozyme, among others, was progressively charge-reduced from 10+ to 3+ showed, by circular dichroism spectroscopy, that there is no loss in secondary structure for any of the charge states [28] . This is in direct contrast to the supercharging experiments, in which it is proposed that the corresponding increase in charge, observed for several proteins, is due in part to unfolding in the final stages of desolvation in the electrospray droplet [24] . [52] . Charge states 11-20+ (red) were generated by acidifying the solution with 2.5 % acetic acid, whereas charge states G6+ (blue) were generated by charge stripping, through the introduction of a base into the desolvation region. The filled and open points show the CCS for the features dominating at high and low injection energies respectively. A dashed line represents the EHSS value for CCS of the native conformation. (b) The average charge state from native MS (Z av ) can be used to predict protein complex solvent accessible surface area (SASA). Data shown is from a series of proteins and protein complexes electrosprayed in-house from 200 mM ammonium acetate (AA) buffer. These are cytochrome c, myoglobin, β-lactoglobulin (1-mer, 2-mer), TTR, BSA, avidin, concanavalin A, SAP (5-mer, 10-mer), ADH, pyruvate kinase, glutamate dehydrogenase, β-galactosidase, and GroEL, and range in size from 12 to 801 kDa. (c) The overall structure of individual proteins and protein complexes in buffered solutions is not generally influenced by charge state, as noted by constant CCS for a wide range of charge states for individual species. Open points show CCS of proteins/complexes, which had been electrosprayed from 200 mM AA [53] . Filled points show additional CCS values for charge reduced avidin, SAP and pyruvate kinase, as well as supercharged SAP. Charge states 9-14+ for avidin, 16-21+ for SAP 5-mer, and 24-28+ for pyruvate kinase, were generated from charge reduction in solution by the addition of 10-20 mM TEA or 20 mM DBU base (avidin 9+). Charge states 26-30+ for SAP 5-mer were generated by the addition of 1 %m-NBA
How Does Charge State Affect Large Protein Complexes?
It is important to point out that, as proposed previously, there is a strong correlation between the solvent accessible surface area and the average charge state determined experimentally [29, 30] (Figure 1b) . For large protein complexes (Figure 1c) , experimental evidence supports a mechanism whereby manipulation of surface charge, by charge reduction [31] or enhancement [32] , does not necessarily perturb the protein structure as evidenced for transthyretin [31] , stable protein 1 [32] , and a protective antigen prechannel complex [33] . This is contrary to the situation observed for concanavalin A in which the tetramer CCS, and solution phase tetramer to dimer equilibrium, was perturbed by the addition of m-NBA [33] .
To investigate this further, we examined the wellcharacterized pentameric protein complex SAP (125 kDa) for which 14 different charge states were observed. We found that the supercharged species (26+ to 30+) (Figure 2a ) have similar CCS to the complex following electrospray from ammonium acetate buffer (22+ to 25+) or even in its charge reduced state following addition of TEA (17+ to 21+) (Figure 2b ). The fact that for all 14 charge states, the CCS measurements vary not more than ±1 % provides compelling evidence that the charge on the surface of the complex has little or no effect on its CCS. In this case, monitoring the CCS as a function of activation, it becomes apparent that unfolding of supercharged SAP occurs upon increasing collision energy, in a manner consistent with it proceeding from a folded structure [34] (Figure 2c ). Lower charge states at the same laboratory frame energy remain essentially in a compact folded conformation.
Similar experiments were carried out to manipulate the charge states of tetrameric ADH using both TEA and sulfolane to produce 15 different charge states. Charge reduction had very little impact on the overall CCS of the low charge states, while a significant increase was detected for the higher charge states of ADH (Figure 2d ). While the behavior of these two different protein complexes, SAP and ADH, is clearly different, it is not yet clear what factors account for the sensitivity to supercharging reagents. It is clear, however, that a large dataset of protein complexes will be needed before conclusions can be drawn as to the whether the preservation of folded structure is dictated by the balance of hydrophobic/hydrophilic residues as in the case of individual proteins discussed above [12] .
This balance between hydrophobic and electrostatic interactions was also critical in determining the outcome of early investigations of protein-ligand interactions. For small proteins investigated with a number of ligands, it was often the case that more favorable binding was observed for ionic ligands rather than for hydrophobic ones [35, 36] . The early observations are, however, particularly interesting in the light of recent observations of hydrophobic ligand binding within an accessible protein cleft [37] and intact membrane protein complexes, wherein the overwhelming number of subunit interactions are hydrophobic [38] [39] [40] . In the case of membrane protein subunits, it is tempting to speculate that the micelles used for the introduction of the complex may protect the hydrophobic subunits from the deleterious phase change. However, such an explanation is not possible for the hydrophobic ligand binding interaction and its preservation suggests that a van der Waals component must contribute to the stability of these complexes once in the gas phase. We conclude, therefore, that the importance of electrostatic interactions in determining preservation of the folded state of individual proteins must also be complimented by van der Waals forces when ionic interactions are absent.
Can MD Simulations Inform on Gas-Phase Protein Structure?
As mentioned above, MD simulations can be particularly informative for exploring structural changes of proteins in the gas phase. Early studies of small proteins [11, 41] and peptides [42, 43] have revealed candidate structures for these gas-phase species that have been informative both in terms of folding and the effects of dehydration. In vacuo MD simulations of four globular proteins revealed residual water molecules, aggregating on the protein surface, which assist the preservation of folded structure [44] , a result in accord with earlier studies [11] . Limited conformational changes were observed upon dehydration; these included the inward-folding of hydrophilic side chains, which tended to form new hydrogen bonds. In fact, more hydrogen bonds are typically observed in the gas-phase structures than for those same structures in solution [45] . These newly formed hydrogen bonds are likely to play a key role in the stabilization of secondary structure as the protein is transferred into vacuum conditions. Interestingly, similar conclusions were reached through experiment using blackbody infrared radiative dissociation (BIRD) and functional group replacement procedures [46] . In this approach, particular functional groups involved in protein-ligand binding are modified, such that any pre-existing interaction is lost. Comparison of the activation energy of modified and unmodified complex reveals which functional groups are involved in stabilization of the complex. In this way, intermolecular hydrogen bonds within a desolvated proteinligand complex were identified and quantified. Comparison with the crystal structure revealed the partial conservation of intermolecular hydrogen bonds between solution and gasphase structures and identified additional interactions in the gas phase.
In addition to examining the evolution of structure and interactions that soluble proteins undergo in the gas phase, MD simulations have provided support to the protection of membrane protein complexes by micelles during transfer to the gas phase. MD simulations of the membrane protein OmpA171, within a dodecylphosphocholine (DPC) micelle, show the structure of the β-barrel protein to be virtually unchanged in the gas phase. In order to account for the significantly shorter time scale of the simulation (150 ns) compared with that of a typical MS experiment (several μs), simulations were carried out at an elevated temperature (350 K) [47] . Evidence from these simulations suggests that the micelle does, therefore, shield the native structure during transfer into the gas phase.
Recently, in vacuo MD simulations of a large multisubunit protein complex, pentameric SAP were performed [34] . Through the simulations, we observed the collapse of the ring-topology for low charge states, as the energy of the system was increased. These results were compared with experimental evidence and by manipulation of charge to low charge states. A significant decrease in CCS was observed experimentally, by IM-MS, corresponding closely to collapse of the ring-like topology into first a buckled-ring, then finally to a collapsed structure (Figure 3) . Such a collapse has also been observed previously for virus capsids [48] following collision induced dissociation (CID) and for GroEL [49] . As a further indication of how closely MD simulations can mirror gas-phase experiments, placement of charge asymmetrically between the five subunits of SAP recapitulates the asymmetric dissociation mechanism commonly observed in CID, in which highly charged unfolded monomeric subunits are expelled [34] . This study, therefore, highlights the potential of high temperature vacuum MD simulations of complexes, in combination with experimental data from IM-MS and CID, to provide additional insights into the processes of rearrangement, unfolding, and dissociation in the gas phase. Consideration of the available evidence from gas-phase HDX reactions, ECD experiments, CCS measurements, and MD simulations points to a consensus that the lowest charge states are the most compact. These low charge states are likely to be the most native-like in terms of secondary structural elements. None of these experiments, however, can report on the precise packing of these structural elements or of the side chain packing of the gas-phase structure; all of these properties are necessary to define the fully folded native state. However, available experimental evidence, together with the MD simulations, strongly implies that a folded, compact state of a protein can survive in the gas phase. Moreover, the fact that a membrane protein complex, with seemingly unfavorable hydrophobic interactions, can survive in the gas phase, points to the preservation of folded structure. Whether or not these have the precise identity of the native state remains to be seen.
This discussion on protein charge states and their link to gas-phase protein structure is unlikely to resolve either of the current controversies about the folded nature of gas-phase proteins and the correlation with their charge state signatures or the effects of charge manipulation on folded protein structure. Pertinent to such a discussion are the recent insights into the electrospray mechanism for proteins [50, 51] and macromolecular complexes in which emission of charge carriers was recently proposed to affect the overall charge [26] . While the electrospray mechanism is beyond the scope of the current article, we hope that this discussion will stimulate further research into the influence of charge state on protein unfolding, the chemical reactions that take place in the electrospray droplet, and the extent to which gas-phase proteins unfold during their lifetime. Figure 3 . MD simulations and IM-MS follow gas-phase collapse. A combined ion mobility (IM) and molecular dynamics (MD) study [34] followed the collapse of the ringtopology for low charge states of pentameric SAP as the energy of the system was increased. The CCS of SAP 18+ was monitored by IM-MS (red) whilst increasing the laboratory frame energy (collision energy x charge). A significant decrease in CCS was observed, consistent with the formation of a more compact conformation. Similarly, as the temperature was increased from 300 to 800 K in vacuum simulations, the radius of gyration was monitored (black). Analysis of the simulations showed the collapse of the ringlike topology, before the extension of a monomer
